INtRoductIoN
The depletion of resources and environmental pressures such as reduction in carbon dioxide emission have served to underline the technological challenge of improved automotive fuel consumption in recent years. In the automotive tyre industry, attention has focussed on developing fuel efficient tyres that improve fuel consumption by reducing rolling resistance; and the technical development of reduced tyre rolling resistance gained much momentum after the second oil crisis of 1979. In general, tyre grip on wet road surfaces diminishes as tyre rolling resistance is reduced. To resolve this trade-off between performance attributes, polymer technologists developed solution-polymerised styrenebutadiene (S-SBR) rubber that has functional groups introduced at the chain ends. Tyre rolling resistance generally bears an intimate relation with the hysteresis loss of the tread compound; and hysteresis loss is thought to be influenced by the state of dispersion of the reinforcing filler of silica or carbon black in the compound. Research has so far indicated that interaction between the terminal functional groups of the end-modified S-SBR and the filler reduces hysteresis loss, and as well as constraining the highly mobile free chain ends, the interaction enhances filler dispersibility. End-modified S-SBR has hence been developed chiefly as a way of improving interaction with the filler.
Numerous terminally modified S-SBRs were in fact developed in the 1980s to improve dispersion of carbon black, thus contributing to reduced rolling resistance [1] [2] [3] . From 1990 onward, use has been made of silica in tread rubber for passenger vehicle tyres because of the further improvement silica provides in both rolling resistance and wet grip, and most tyre manufacturers have been active in using silica in recent years. This has in turn prompted the development of end-modified S-SBR with a high affinity for silica, and the use of S-SBR with amino or alkoxysilyl groups introduced at the polymer chain ends has been found to improve the hysteresis loss of silica based compounds [4] [5] [6] .
The authors have recently investigated alkoxysilane modified S-SBR and discovered that S-SBR in which two different functional groups were linked to one chain end was effective in reducing the hysteresis loss of silica compounds [7] . We review here the results of our most recent research, looking at the properties of the new endmodified S-SBRs, analysis of filler aggregation structure in rubber compounds by the recently highlighted ultrasmall angle X-ray scattering (USAXS) technique [8] [9] [10] , and the state of silica dispersion and aggregation in the end-modified S-SBR compounds [11, 12] .
2. ENd-ModIFIEd S-SBR [7, 11] 
S-SBR structure and bound rubber content
To study the correlation between the structure of the functional groups introduced at the S-SBR chain end and the rubber properties and strength of interaction with silica, we prepared the end-modified S-SBRs shown in Figure 1 . The experiments examined samples prepared with the compounding recipe in Table 1 . The S-SBRs were divided into three types, namely [I]: unmodified S-SBR, [II] : monofunctionalized S-SBR, and [III]: difunctionalized S-SBR, the last being further divided into S-SBRs with an amino group and alkoxysilyl group bound to different chain ends (two-tailed) or added at the same end (single-tailed).
The amount of bound rubber in the uncured compound, measured in order to compare the strength of interaction with silica, was greatly dependent on the nature and structure of the terminating functional groups (Figure 2) . When the bound rubber content in type [II] was compared, a small increase was seen in SBR-(ii)-1 and SBR-(ii)-2 compared with the unmodified SBR-(i)-1, whereas a marked increase was seen in SBR-(ii)-3. This is attributable to the difference in interaction of the functional groups with silica: the amino group forms a reversible hydrogen bond with the silica surface whereas the alkoxysilyl group forms a chemical bond with the silanol group on the silica surface. Comparing [II] and [III] , moreover, it is clear that bound rubber content increases dramatically when the amino group and alkoxysilyl group are linked to the SBR at one end (SBR-(iii)-2 and -3). The results for bound rubber are also high compared with SBR-(iii)-1, in which the functional groups are added to opposite chain ends. Presumably, therefore, the insertion of two adjacent but different functional groups promotes condensation reaction with the silica surface, increasing the bound rubber content.
Abrasion resistance
Differences in interaction with the silica surface also affect abrasion resistance. Figure 3 , obtained from DIN abrasion tests, shows a negative correlation between abrasion loss and bound rubber content. The S-SBRs containing alkoxysilyl groups that can form chemical bonds with the silica surface show a large reinforcing effect and have good abrasion resistance. In particular, the SBR-(iii)-3 compound of high bound rubber content exhibited outstanding abrasion resistance. The SBRs Total: 178.8 terminally modified with a tertiary amino or primary amino group only, on the other hand, have a low bound rubber content and show little improvement in abrasion loss.
Hysteresis loss
Hysteresis loss was likewise affected by the structure of the end-modified S-SBR. The tan d of the compound under 3% strain at 50°C (the 3% tan d value) was used as an index of hysteresis loss correlating with tyre rolling resistance. Comparing the results of hysteresis loss in the S-SBR samples in Figure 4 , it is clear that 3% tan d decreases when a functional group is inserted at the S-SBR chain end. For the monofunctionalized S-SBRs (comparing [I] and [II]) 3% tan d decreased in the order unmodified > tertiary amino > alkoxysilyl > primary amino. The reason why the primary amino group affords the best hysteresis loss characteristic is thought to be the strong interaction created through hydrogen bonding with the silica surface. Figure 5 shows the results of model experiments comparing the adsorption of low molecular weight end-modified polybutadiene (modified BR) onto silica. Measurement of the adsorption of modified BR in THF solution onto silica revealed that BR modified with a primary amino group was readily adsorbed, more than 30% of the polymer adsorbing onto the silica after 60 min. In contrast, no more than 10% of BR modified with an alkoxysilyl group adsorbed onto silica in the same time. The results so far obtained for primary amino termination are consistent with the formation of a physical interaction (hydrogen bonding) with silica. The inference is that hysteresis loss decreased as motion of the molecular chain ends was constrained.
Comparison of [II] and [III] shows that increase in the number of functional groups bound to the S-SBR depresses 3% tan d; and when S-SBR with opposite ends modified by tertiary amino and alkoxysilyl groups (SBR-(iii)-1) is compared with S-SBR modified at one end (SBR-(iii)-2) it is clear that the latter has the lower value of 3% tan d. Comparing the amino groups, a primary amino group gave a low value of 3% tan d irrespective of the number of terminating groups. In particular, outstanding hysteresis loss was noted in SBR-(iii)-3, in which only one end was modified with both primary amino and alkoxysilyl groups. This observation is consistent with the amount of modified BR adsorbed on silica in the model experiments ( Figure 5) . The results demonstrated that hysteresis loss is affected by the species, number and arrangement of functional groups introduced into the SBR.
As already noted, end-modification had a large improving effect on hysteresis loss in SBR-(iii)-3. The effect is attributable to synergism between the two terminating functional groups. The polymer chain ends are adsorbed to the silica surface because of strong hydrogen bonding by the primary amino group. As the other functional group, alkoxysilyl, reacts with the silanol groups on the silica surface to form chemical bonds, the neighbouring primary amino group would function as a catalyst in the condensation reaction involved. The synergistic activity of the two functional groups is thought to contribute to the silica reinforcing effect and better dispersion.
Dynamic viscoelastic behaviour (Payne effect)
The "Payne effect", namely the strain amplitude dependence of storage modulus G' observed in dynamic viscoelasticity measurements on rubber compounds, correlates with the state of dispersion of the filler [13] . The effect is due to a decrease in modulus of elasticity as aggregates of the filler become subdivided during deformation of the sample. We hence find that the smaller the strain amplitude dependence of G', the lower the proportion of large aggregates of filler and the better the state of dispersion in the sample. Figure 6 compares the Payne effect for SBR-(i)-1, SBR-(ii)-3 and SBR-(iii)-3. Clearly, the effect diminishes when functional groups are introduced at the S-SBR chain ends, showing that, thanks to the interaction of silica with end-modified SBR, large masses of silica are broken down into smaller aggregates and the silica is better dispersed. In particular, the SBR-(iii)-3 polymer that interacts strongly with silica shows the smallest Payne effect, agreeing with the results for hysteresis loss.
3. dIREct oBSERvatIoN oF thE StatE oF aGGREGatIoN oF SIlIca [11, 12] 
Transmission electron microscopy (TEM)
The Payne effect may provide an effective way of comparing silica dispersibility in compounds but it only affords indirect information. Yet information on the structure and distribution of silica aggregates in the compound is vital for designing end-modified S-SBR. Figure 7 shows TEM micrographs of vulcanisates of the SBR-(i)-1, SBR-(ii)-3 and SBR-(iii)-3 silica compounds in which differences in silica dispersion were identified from the Payne effect. The dark areas are silica and the light areas are S-SBR matrix. Silica is unevenly distributed in the unmodified SBR-(i)-1 sample as relatively large aggregates. When functional groups are introduced, on the other hand, the silica aggregates become smaller and the silica is more uniformly distributed, as suggested by the Payne effect. Silica dispersibility also depends on the functional groups introduced, the TEM micrographs revealing that the silica particles are finer and more uniformly dispersed in SBR-(ii)-3, with both primary amino and alkoxysilyl groups bound to one chain end, than in the alkoxysilane modified SBR-(ii)-3. Moreover, almost no aggregates larger than 500 nm were observed.
Ultra-small angle X-ray scattering (USAXS)

End-modified SBR
As direct observations in real space, TEM observations are extremely useful for evaluating silica dispersion. However, they provide only a limited amount of information. Ultra-small angle X-ray scattering (USAXS) has recently gained attention as a powerful technique for the structural analysis of carbon black and silica in rubber compounds. To explore USAXS as a tool complementary to TEM, we conducted USAXS experiments on samples of SBR-(i)-1, SNR-(ii)-3 and SBR-(iii)-3. The experiments were conducted at the Spring-8 Beamline (BL19B2) large radiation beam facility.
The scattering profiles obtained from the samples are shown in Figure 8 . The end-modified SBR-(ii)-3 and SBR-(iii)-3 gave different scattering profiles to the unmodified SBR-(i)-1, showing that, as in the TEM observations, the state of dispersion of silica in the vulcanisates is different in each case. The scattering profile for SBR-(i)-1 obeyed a power law in the range of observation of the scattering vector. This means that, in the case of SBR-(i)-1, the silica was distributed through the compound as aggregates of diverse size, ranging from several tens of nm to several hundred nm. The SBR-(ii)-3 and SBR-(iii)-3 samples, on the other hand, had a characteristic scattering profile with a shoulder deriving from primary aggregates in the range 0.05 < q < 0.1. The characteristic shoulder was especially prominent in SBR-(iii)-3, which has adjacent primary amino and alkoxysilyl groups at one end of the polymer. The appearance of the characteristic shoulder signifies uniform dispersion of silica aggregates of a specific particle shape and size. Preliminary analysis of the scattering profile obtained from SBR-(iii)-3 with a spherical model [14] indicated that the silica was uniformly dispersed as primary aggregates of diameter ca. 40 nm.
The foregoing analysis of silica aggregation structure using TEM and USAXS agrees with the results of dynamic viscoelasticity measurements, showing again that a very close correlation exists between dispersion of silica and hysteresis loss. In particular, the results show quantitatively that, when compounded in S-SBR with both primary amino and alkoxysilyl groups linked to one end, masses of silica particles upward of 500 nm in size are broken down to primary aggregates of around 40 nm and uniformly dispersed by the mixing process.
Silane coupling agent
A silane coupling agent is generally added to silica compounds to enhance silica reinforcement and improve dispersibility [5] . We therefore prepared vulcanisate samples of silica compounds without a silane coupling agent added, using unmodified SBR-(i)-1 and the singletailed primary amino and alkoxysilyl modified SBR-(iii)-3, and compared the USAXS observations with those from samples made with addition of a silane coupling agent. The results are shown in Figure 9 .
The prominent shoulder deriving from primary aggregates at about q = 0.1 nm appeared in the profile from end-modified SBR-(iii)-3 samples irrespective of whether or not silane coupling agent was added. Preliminary calculation of the scattering profile with a spherical model indicated that the primary particle size was about the same, roughly 40 nm, in both cases and was thus independent of addition of silane coupling agent. Similarly, comparison of unmodified SBR-(i)-1 with and without silane coupling agent showed that both scattering profiles were in close agreement. The results show that silane coupling agent and terminal modification have different effects on silica dispersion and aggregation structure. Figure 10 shows the TEM micrographs of the USAXS samples in Figure 9 . Clearly, addition of silane coupling agent improved dispersion of silica aggregates irrespective of whether the polymer was terminally modified. As would be expected, the silica is more finely and uniformly dispersed in SBR-(iii)-3 compared with SBR-(i)-1 whichever samples are compared. The TEM observations also suggest that information related to the effect of the silane coupling agent on silica aggregation structure is contained in the USAXS scattering profile. We hope to report on this after further investigation.
So far, the experimental findings from TEM and USAXS have supported the results of dynamic viscoelasticity measurements. Quantitative analysis has shown that the effect of end-modified S-SBR in improving silica dispersion is greater than the effect of silane coupling agents, and allows uniform dispersion of silica as primary aggregates several tens of nm in diameter. 
coNcluSIoNS
This review has outlined our latest findings from on-going research on end-modified S-SBR aimed at producing low hysteresis loss silica compounds. Reduction in hysteresis loss does not simply entail the introduction of specific functional groups: it is important to place two different functional groups at the SBR chain end. In particular, when a primary amino group is attached next to an alkoxysilyl group at one end of the SBR chain, a resilient chemical bond is formed with the silica surface, improving the dispersibility of the silica in the mixing step of compound production. The results of tests on the properties of both the uncured rubber and vulcanisates have demonstrated a great reduction in hysteresis loss.
We have previously evaluated the dispersibility of silica in rubber compounds by the Payne effect in dynamic viscoelasticity measurements. Analysis making complementary use of the results from TEM observations and USAXS experiments as reviewed above has shown that, in low hysteresis compounds, silica is evenly Figure 10 . Effect of silane coupling agent on silica dispersibility (TEM micrographs) dispersed as fine aggregates, and that this tallies with the dynamic viscoelasticity observations. We have now shown quanti tatively that end-modified S-SBR is effective in improving silica dispersibility. We hope we can continue with investigation and development of the S-SBR now attracting interest as fuel-efficient tyre material and make a further contribution to the solution of environmental problems.
